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Protein-rich fractions inhibitory for isolated ureteric bud (UB) growth were separated from a conditioned medium secreted by cells derived
from the metanephric mesenchyme (MM). Elution profiles and immunoblotting indicated the presence of members of the transforming growth
factor-h (TGF-h) superfamily. Treatment of cultured whole embryonic kidney with BMP2, BMP4, activin, or TGF-h1 leads to statistically
significant differences in the overall size of the kidney, the number of UB branches, the length and angle of the branches, as well as in the
thickness of the UB stalks. Thus, the pattern of the ureteric tree is altered. LIF, however, appeared to have only minimal effect on growth and
development of the whole embryonic kidney in organ culture. The factors all directly inhibited, in a concentration-dependent fashion, the
growth and branching of the isolated UB, albeit to different extents. Antagonists of some of these factors reduced their inhibitory effect.
Detailed examination of TGF-h1-treated UBs revealed only a slight increase in the amount of apoptosis in tips by TUNEL staining, but
diminished proliferation throughout by Ki67 staining. These data suggest an important direct modulatory role for BMP2, BMP4, LIF, TGF-h1,
and activin (as well as their antagonists) on growth and branching of the UB, possibly in shaping the growing UB by playing a role in
determining the number of branches, as well as where and how the branches occur. In support of this notion, UBs cultured in the presence of
fibroblast growth factor 7 (FGF7), which induces the formation of globular structures with little distinction between the stalk and ampullae
[Mech. Dev. 109 (2001) 123], and TGF-h superfamily members lead to the formation of UBs with clear stalks and ampullae. This indicates that
positive (i.e., growth and branch promoting) and negative (i.e., growth and branch inhibiting) modulators of UB morphogenesis can cooperate
in the formation of slender arborized UB structures similar to those observed in the intact developing kidney or in whole embryonic kidney
organ culture. Finally, purification data also indicate the presence of an as yet unidentified soluble non-heparin-binding activity modulating UB
growth and branching. The data suggest how contributions of positive and negative growth factors can together (perhaps as local bipolar
morphogenetic gradients existing within the mesenchyme) modulate the vectoral arborization pattern of the UB and shape branches as they
develop, thereby regulating both nephron number and tubule/duct caliber. We suggest that TGF-h-like molecules and other non-heparin-
binding inhibitory factors can, in the appropriate matrix context, facilitate ‘‘braking’’ of the branching program as the UB shifts from a rapid
branching stage (governed by a feed-forward mechanism) to a stage where branching slows down (negative feedback) and eventually stops.
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01801.Introduction
Development of the mammalian kidney is dependent
upon reciprocal inductive events which occur between its
two precursor tissues, the ureteric bud (UB) and the meta-
nephric mesenchyme (MM). This complex morphogenetic
process is initiated when the UB, an epithelial outgrowth of
the Wolffian duct, invades the MM and is induced to
undergo a series of dichotomous branching events leading
to its arborization and the formation of the tree-like collect-
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which will ultimately form the epithelial glomerulus through
distal tubule of the nephron, is believed to direct UB
branching morphogenesis, owing to the complexity of the
developing kidney, the exact nature of the directive signal(s)
remains unclear. In fact, until recently, it was believed to
require direct contact with the MM (Grobstein, 1955).
However, with the advent of the isolated UB culture system,
it is now possible to demonstrate robust iterative branching
morphogenesis of the UB in the presence of soluble factors
alone (Qiao et al., 1999a).
Current evidence suggests that many factors are likely to
be involved. For example, members of the fibroblast growth
factor (FGF) family (i.e., FGF1, FGF2, FGF7, and FGF10),
in combination with glial cell line-derived neurotrophic
factor (GDNF) and soluble factors present in a MM cell
conditioned medium (BSN-CM), were found to facilitate
isolated UB growth and, to varying degrees, branching
morphogenesis of the isolated UB (Qiao et al., 2001). In
addition, pleiotrophin, a heparin-binding protein thought to
play a role in epithelial proliferation and neurite outgrowth
(Milner et al., 1989; Rauvala, 1989), was isolated from
BSN-CM and found to be capable of inducing UB branch-
ing morphogenesis (Sakurai et al., 2001). Taken together,
these findings indicate that a combination of soluble factors
is sufficient to induce and support branching morphogenesis
of the isolated UB and indicates that the branching program
resides in the UB itself.
However, branching morphogenesis in vivo is a highly
coordinated three-dimensional process which is postulated
to be tightly regulated by both stimulatory and inhibitory
factors (Nigam, 1995; Pohl et al., 2002; Qiao et al., 2001;
Santos and Nigam, 1993; Stuart and Nigam, 1995), in-
cluding those that are likely to act as stop signals (Qiao et
al., 1999a). Interestingly, while purifying potential stimu-
latory factors from BSN-CM (Sakurai et al., 2001), it was
found that some of the eluted fractions not only failed to
support UB branching morphogenesis, but also actually
appeared to inhibit bud growth. In this study, the MM cells
were found to secrete members of the transforming growth
factor-h (TGF-h) superfamily, including TGF-h2, TGF-h3,
BMP4, and possibly BMP2. Although members of the
TGF-h superfamily and their receptors are expressed in the
developing kidney in an appropriate spatiotemporal context
(Choi et al., 1997; Dewulf et al., 1995; Dudley and
Robertson, 1997; Goodyer et al., 1991; Lehnert and
Akhurst, 1988; Martinez et al., 2001a,b, 2002; Miyazaki
et al., 2000; Pelton et al., 1991; Roberts and Barth, 1994;
Wilcox and Derynck, 1988; Woolf et al., 1995) to affect
growth and branching of the UB, apart from inhibiting the
ability of some renal cell lines to branch in cell culture
models of tubulogenesis (Maeshima et al., 2000; Piscione
et al., 1997, 2001; Ritvos et al., 1995; Sakurai and Nigam,
1997; Santos and Nigam, 1993), no direct effect of this
family of growth factors on the UB has been demonstrat-
ed. Here we show their direct inhibitory effect on branch-ing morphogenesis of the isolated UB. The data also
indicate a role for these factors in the shaping of the
arborizing structure. Moreover, non-heparin-binding inhib-
itory factors are also produced by the MM cells. Together,
these findings support the notion that MM produces
multiple soluble factors, both stimulatory and inhibitory,
which function together to tightly regulate branching
morphogenesis of the UB and ultimately nephron number.Materials and methods
Purification of morphogenetic factors
Approximately 2 l of BSN-CM, harvested and concen-
trated as previously described (Qiao et al., 1999a, 2001;
Sakurai et al., 2001), was fractionated with a heparin-
sepharose chromatography column (HiTrap heparin, 5 ml;
Amersham-Pharmacia, Piscataway, NJ). The flow-through
fraction was collected and individual 5-ml fractions of the
heparin-bound proteins were eluted via increasing concen-
trations of NaCl (0–2.0 M) buffered to pH 7.2 with 50 mM
HEPES. Aliquots of each fraction were subjected to buffer
exchange by dia-filtration using an Ultrafree 500 spin
column (Millipore, Billerica, MA) according to the manu-
facturer’s instructions and then tested for morphogenetic
activity using the isolated UB culture system.
Organ culture
Whole kidney rudiments isolated from Sprague–Daw-
ley rat embryos at day 13 of gestation (day 0 of gestation
coincided with appearance of the vaginal plug in timed
pregnant females) were cultured intact on the top of a
Transwell filter (CoStar, Cambridge, MA) within individ-
ual wells of a 12-well tissue culture dish containing 800
Al of DME/F12 media (Mediatech, Herndon, VA). MMs
and UBs were isolated from whole embryonic kidneys as
previously described (Qiao et al., 1999a, 2001; Sakurai et
al., 2001). Isolated MMs were cultured in direct contact
with a piece of embryonic spinal cord on top of a Trans-
well filter within individual wells of a 24-well tissue
culture dish containing 400 Al of DME/F12 media. Isolated
UBs were suspended within 75 Al of a mixture of type I
collagen and Matrigel (Becton Dickinson, Franklin Lakes,
NJ) (Qiao et al., 1999a) applied to the top of a Transwell
filter within individual wells of a 24-well tissue culture
dish containing 400 Al of growth media supplemented with
125 ng/ml GDNF (R&D Systems, Minneapolis, MN) and
250 ng/ml FGF1 (R&D Systems). All of the tissues were
cultured in the absence or presence of members of the
TGF-h superfamily (R&D Systems). Unless indicated
otherwise, cultures were supplemented with 10% fetal
bovine serum (FBS; Biowhittaker, Walkersville, MD) and
carried out at 37jC in an atmosphere of 5% CO2 and
100% humidity.
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and isolated UB)
To evaluate and quantify UB branching, whole embry-
onic kidney rudiments or isolated UBs and their surrounding
extracellular matrix were fixed with 2% paraformaldehyde
and processed for staining with FITC-conjugated Dolichos
biflorus (50 Ag/ml; Vector Laboratories, Burlingame, CA;
Laitinen et al., 1987; Qiao et al., 1999a,b). Photomicro-
graphs, taken using a Spot RT Slider digital camera (Diag-
nostic Instruments; Sterling Heights, MI) attached to a
Nikon Eclipse TE300 inverted microscope, were analyzed
using Image-Pro Plus (Media Cybernetics, Carlsbad, CA).
Morphometric measurements included (1) the number of
endpoints as a correlative measure of the number of branch-
ing events, (2) the branch angle, (3) the stalk length between
branching events, and (4) the stalk thickness. Image skel-
etonizations were performed manually and geometric
parameters were obtained by utilizing the measure module
of Image-Pro Plus. This procedure was performed in dupli-
cate for each tracing, and each assay was performed at least
in triplicate (note that for later stage whole cultured kidney,
complexity of the branching structure prevented adequate
skeletal representation by the image analysis software).
K.T. Bush et al. / DevelopmeFig. 1. Elution profile from the initial fractionation of BSN-CM over a heparin-sep
5-ml fractions (designated 1–6) were eluted from the column and assayed for morp
isolated UBs cultured for 5 days in the presence (Positive Control) or absence (N
profile are of isolated UBs cultured for 5 days in each of the six individual fractio
supplemented with 10% FCS, 125 ng/ml GDNF, and 250 ng/ml FGF1. All of the
Negative control and fraction 6 (scale bar = 250 Am).Finally, stick figures were generated as a composite of the
average of these measurements. For the isolated UB, radii
were determined for both the measured perimeter and area
of each UB based on the assumption that each UB was a
circle. The ratio of the radii was used as the degree of
branching (i.e., a ratio close to 1 would be indicative of a
circular UB, while greater than 1 would indicate increased
branching). In all measurements described above, the assays
were performed at least in triplicate and error bars represent
the standard errors of the mean. P values were calculated
with the Student’s t test.
Analysis of proliferation and apoptosis
Cultures of isolated UBs were fixed in 4% paraformal-
dehyde for 30 min at room temperature, washed extensively
with PBS, and excess extracellular matrix was removed. For
proliferation analysis, fixed UBs were incubated for 30 min
at room temperature in equilibration solution (20 mM
glycine, 75 mM NH4Cl, 0.1% Triton X-100 in calcium–
magnesium-free PBS). UBs were then blocked for 1 h at
4jC in blocking buffer (0.05% Triton X-100, 0.7% fish
gelatin in PBS). UBs incubated with antibodies against Ki-
67 diluted in blocking buffer for 36 h at 4jC on a rockingharose column. Several protein peaks were eluted at 0–1.2 M NaCl. Six (6)
hogenetic activity. Photomicrographs to the right of the elution profile are of
egative Control) of whole BSN-CM. Photomicrographs beneath the elution
ns eluted from the heparin affinity column (1–6). All of the cultures were
photomicrographs are to the same scale as indicated by the scale bar in the
Fig. 2. (A–C) Phase contrast photomicrographs of isolated UBs cultured
for 5 days in recombinations of fractions eluted from the heparin affinity
column. Fraction 4 (see Fig. 1) was recombined with either Fraction 1 (A),
Fraction 2 (B), or Fraction 3 (C). The cultures were supplemented with 10%
FCS, 125 ng/ml GDNF, and 250 ng/ml FGF1. All of the photomicrographs
are to the same scale as indicated by the scale bar in C (scale bar = 250 Am).
(D) Immunoblot analysis of the individual fractions eluted from the heparin
affinity column. The blot was probed with anti-TGF-h2 and anti-TGF-h3
antibodies and an anti-BMP2/4 antibody. FT, flow through, numbers (1–6)
correspond to heparin fractions generated in Fig. 1, MWT, molecular
weight.
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fluorescently labeled secondary antibodies in blocking buff-
er at 4jC on a rocking stage. For apoptosis analysis, fixed
UBs were processed for TUNEL staining using a standard
kit according to the manufacturer’s instructions (Intergen,
Purchase, NY). Samples were washed extensively, mounted
in Fluoromount, and examined with a Zeiss LSM-510
scanning laser confocal microscope.Fig. 3. Darkfield photomicrographs of whole kidneys cultured for 3 days in
the absence (A, Control) or presence of either 500 ng/ml LIF (B), 1 ng/ml
TGF-h1 (C), 200 ng/ml activin (D), 50 ng/ml BMP2 (E), or 50 ng/ml
BMP4 (F). The cultures were supplemented with 10% FCS. All of the
photomicrographs are to the same scale as indicated by the scale bar in F
(scale bar = 400 Am).Results
Recently, we employed sequential column chromatog-
raphy of a conditioned medium produced by an immortal-
ized metanephric mesenchyme-derived cell line (BSN-CM)to purify and identify pleiotrophin as one factor produced
by the MM with the ability to support branching morpho-
genesis of the isolated UB (Sakurai et al., 2001). However,
several fractions were found which not only lacked the
ability to support UB branching, but also inhibited UB
growth. This raised the possibility that factors are pro-
duced by the MM (present in BSN-CM) which negatively
regulate branching morphogenesis of the UB.
Conditioned medium from metanephric mesenchyme-
derived cells contains factors which negatively modulate
branching morphogenesis of the ureteric bud
To investigate this possibility further, whole BSN-CM
was subjected to fractionation over a heparin sepharose
liquid chromatography column. The non-heparin-binding
flow-through was collected and heparin-binding protein
fractions were then eluted using a 50 mM HEPES (pH
7.2) buffer in which the NaCl concentration was gradually
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chromatogram, this elution leads to the generation of six
fractions (Fig. 1) which were then tested for morphoge-
netic activity. Of the fractions tested, fractions 3 and 4,
which eluted at a NaCl concentration range of 0.6–1.2 M,
possessed strong positive morphogenetic activity (Fig. 1).
In contrast, fractions 1 and 2, which eluted at a NaCl
concentration range of 0–0.6 M, had no inductive effect
on branching morphogenesis of the isolated UB (Fig. 1)
and in fact appeared to inhibit UB growth and branching
when compared to the negative control (Fig. 1). Even
more strongly indicative of inhibitory activity is the
finding that recombination of either fractions 1 or 2 with
fraction 4 resulted in the diminution of growth and
development of the isolated UB when compared with
fraction 4 alone or to a combination of fractions 3 and
4 (Fig. 2).
Comparing the elution characteristics of these fractions
with those of known morphogenetic growth factors sug-Fig. 4. Fluorescent photomicrographs of whole kidneys cultured for 1 (A, B), 3 (C,
TGF-h1 (B, D, F). Green staining is FITC-labeled Dolichus biflorus which spe
photomicrographs are to the same scale as indicated by the scale bar in F (scale bar
ureteric bud branching (i.e., area of the whole kidney, UB branchpoints, and UB en
represent measurements from control kidneys, while empty bars indicate meas
difference compared to control on day 1 of culture (Mean F SEM, N z 3, *Pgested that these fractions might contain one or more
members of the TGF-h superfamily. Western blot analysis
of these fractions revealed the presence of TGF-h2, TGF-
h3, and the bone morphogenetic protein, BMP4 in fractions
1 and 2 (Fig. 2). These proteins belong to the TGF-h
superfamily, a group of heparin-binding soluble growth
factors with effects on cell growth, differentiation, and organ
development in many tissues including the kidney (Barasch
et al., 1999; Davies, 2001; Ritvos et al., 1995; Rogers et al.,
1993; Sakurai and Nigam, 1997; Santos and Nigam, 1993),
though their specific effect on UB branching morphogenesis
remains unclear.
Members of the TGF-b superfamily negatively modulate UB
growth and branching in a quantifiable manner
To further examine the role of these growth factors in
branching of the UB, whole rat kidney rudiments were
cultured in the presence of several different members of theD), or 5 (E, F) days in the absence (A, C, E; Control) or presence of 1 ng/ml
cifically binds to the UB and structures derived from the UB. All of the
= 500 Am). Quantitative morphometric analysis of growth of the kidney and
dpoints) is presented in the graphs on the right side of the panel. Filled bars
urements of TGF-h1-treated kidneys. The data are presented as the fold
V 0.05, **P V 0.001).
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kidney development, members of this family were found to
dramatically inhibit UB growth and branching (Fig. 3).
Thus, the exogenous addition of TGF-h1, activin, BMP2,
BMP4, as well as LIF had marked and often qualitatively
different effects on the growth and development of the
kidney (Fig. 3). The overall size of the cultured kidney in
the presence of these factors was reduced compared to
controls (Fig. 3). In particular, the size of the UB and the
extent of its branching were decreased in the treated
kidneys (Fig. 3). The TGF-h1-treated kidneys were also
analyzed morphometrically and the effects of this factor
were quantified.
Confocal microscopic examination of whole kidneys
stained with fluorescently labeled Dolichos biflorus lectin
(Laitinen et al., 1987) clearly shows the perturbation of the
growth and branching of the UB in TGF-h1 treated kidneys
(Fig. 4). As compared to controls, the area of the whole
kidney is clearly reduced following treatment with TGF-h1
(Fig. 4). This reduction in area is evident and significant as
early as 1 day of culture, but is much more pronounced after
5 days of culture of the kidney where the area of the control
kidney is more than twice that of the TGF-h1-treated kidneyFig. 5. Quantitative morphometric measurements of the UB in kidneys cultured for
made of the branching angle, the stalk length, and stalk width of the UB in fluore
made on the UB at each iteration of branching and the data are presented as the pe
Filled bars represent measurements from control kidneys, while empty bars indicate
**PV 0.001). Stick figure diagrams of UB growth and branching in embryonic rat
TGF-h1 (TGF-h) are presented in the right-hand side panel. The figures are d
morphometric parameters analyzed, including endpoints, branch angle, stalk lengt(Fig. 4). TGF-h1-treated kidneys also have a reduced
number of UB endpoints, altered UB branch angles, altered
UB stalk lengths between branches, and thicker UB stalks
(Figs. 4 and 5). In addition, the range of these measured
values in TGF-h1-treated kidneys is wider, suggesting
greater variation in growth of the UB in the presence of
TGF-h1. Using the average branch angles and stalk lengths
as guides and normalizing the values to the control situation,
idealized branching structures were generated (Fig. 5).
Examination of the two average stick figures demonstrates
a highly symmetric and homogeneously arborized control
model with minimization of stalk–stalk contacts and max-
imal space utilization; in contrast, TGF-h1 treatment leads
to less ordered branching angle and stalk measurements,
leading to the generation of a more compact figure with
stalks in closer proximity (Fig. 5). However, it cannot be
determined from these experiments whether these soluble
proteins directly inhibit the branching of the UB or whether
they modify the regulatory effect of the MM (including
stromal tissue) on UB branching morphogenesis. To exam-
ine this issue, MM was separated from the UB and co-
cultured across a semipermeable filter with a heterologous
tissue (i.e., embryonic spinal cord) capable of inducing5 days in the absence or presence of TGF-h1 are shown. Measurements were
scent micrographs of Dolichus-stained kidneys. Morphometric analysis was
rcent of Control Branching Iteration 1, to which all values were normalized.
measurements of TGF-h1-treated kidneys (MeanF SEM,Nz 3, *PV 0.05,
kidneys cultured for 5 days in the absence (Control) or presence of 1 ng/ml of
rawn to scale and are representative of the average value of the various
h, and stalk thickness.
Fig. 6. Phase contrast photomicrographs of isolated UBs cultured for 7 days
in BSN-CM without (A–C; Control) or with either TGF-h1 (D–F; 250 pg/
ml, D; 500 pg/ml, E; 750 pg/ml, F), activin (G–I; 100 ng/ml, G; 200 ng/ml,
H; 400 ng/ml, I), BMP2 (J–L; 10 ng/ml, J; 30 ng/ml, K; 50 ng/ml, L),
BMP4 (M–O; 250 pg/ml, M; 500 pg/ml, N; 750 pg/ml, O), or LIF (P–R;
10 ng/ml, P; 100 ng/ml, Q; 500 ng/ml, R). All cultures were supplemented
with 10% FCS, 125 ng/ml GDNF, and 250 ng/ml FGF1. All of the
photomicrographs are to the same scale as indicated by the scale bar in A
(scale bar = 250 Am).
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1953). Although there may be some different effects on
growth of MM subpopulations, the addition of TGF-h1,
activin, or LIF to these culture conditions did not inhibit the
ability of the MM to epithelialize (data not shown).
TGF-b superfamily members directly effect the development
of the UB
The exogenous addition of TGF-h1 to the isolated UB
culture system did, however, diminish growth and branch-
ing of the UB (Fig. 6). The observed inhibition was
concentration dependent with TGF-h1 being effective from
the pg/ml range. In fact, at higher concentrations of TGF-
h1, the UBs had a marked reduction in the number of
branches with the UBs resembling a straight tubule-like
structure with little or no branching, while extremely high
concentrations completely inhibited UB growth (Fig. 6F).
Similar results were obtained with the culture of the isolated
UB in activin (Figs. 6G–I), BMP2 (Figs. 6J–L), and BMP4
(Figs. 6M–O). As with TGF-h1, these growth factors also
reduced UB growth and branching in a concentration
dependent manner (Fig. 6). On the other hand, LIF, a growth
factor shown to be important in the mesenchyme–epithelial
transition during kidney development (Barasch et al., 1999),
only had inhibitory effects at very high doses (z 500 ng/ml)
(Figs. 6P–R) and then there was only a reduction in UB
growth, while branching appeared to be unaffected. Taken
together, these data demonstrate that TGF-h1, as well as
other members of its superfamily, directly affect UB branch-
ing (leading to longer stalks), providing evidence for their
role in the negative modulation of epithelial branching
morphogenesis. It is also noteworthy that various members
of the family differentially affect growth vs. branching (i.e.,
compare LIF with TGF-h1).
Moreover, at least in the case of BMP2 and activin, the
observed inhibition of branching following culture in the
growth factor was at least partially rescued with the addition
of antagonists of the factors (Fig. 7). For example, UBs grown
in the presence of activin in combination with its antagonist,
follistatin, were more extensively branched than UBs grown
in activin alone (compare Figs. 7B and C). Likewise, chordin
and noggin, antagonists of BMP2, when added to UB culture
in combination with BMP2 resulted in UBswith several more
branch points when compared to UBs cultured in the presence
of BMP2 alone (compare Figs. 7D, E, and F). These data
suggest that members of the TGF-h superfamily have a direct
effect on branching of the UB, perhaps modulating the
branching program or shaping the UB.
TGF-b superfamily members are capable of shaping the
branching pattern of the isolated UB
To investigate this later possibility further, the effects of
these growth factors on UBs grown in the presence of FGF7
were examined. In a previous study, FGF1 and FGF7 wereboth found to stimulate UB growth, but with dramatically
different results (Qiao et al., 2001). While FGF1 induced the
formation of UBs with distinct tips and branches, FGF7
induced the formation of more amorphous structures with
little, if any, distinction between tips and branches (Qiao et
al., 2001). Given their direct effects on UB branching, we
wondered how the TGF-h members would affect the FGF7-
induced UB morphology. Interestingly, when UBs were
grown in the presence of both FGF7 and members of the
Fig. 7. Phase contrast photomicrographs of isolated UBs cultured for 7 days in BSN-CM without (A, Control) or with either 400 ng/ml activin in the absence
(B) or presence of 4 Ag/ml of follistatin (C) or with 100 ng/ml of BMP2 in the absence (D) or presence of either 60 Ag/ml of chordin (E) or 10 Ag/ml of noggin
(F). All cultures were supplemented with 10% FCS, 125 ng/ml GDNF, and 250 ng/ml FGF1. All of the photomicrographs are to the same scale as indicated by
the scale bar in F (scale bar = 250 Am).
Fig. 8. (A) Bar graph of the morphometric analysis of the effects of the TGF-h superfamily members on branching morphogenesis of the isolated UB grown in
the presence of FGF7. Three morphometric parameters were measured: (1) ratio of radii—the perimeter and area of each UB was measured and these values
were used to calculate an idealized radius assuming the shape of the bud was a perfect circle. Thus, the ratio of these values is a measure of the circularity of the
UB (i.e., a value close to 1 is indicative of a UB with few branching events, while a higher value indicates more branching). In all cases, FGF1-treated UBs had
values much greater than 1, indicating the highly branched nature of these UBs. (2) Stalk width and (3) stalk length. Data are shown as percent of control.
Mean F SEM, N z 5, *P V 0.05, **P V 0.001. Photomicrographs to the left of the panel are of isolated UBs cultured for 7 days in BSN-CM supplemented
with 10% FCS, 125 ng/ml GDNF, and either 250 ng/ml FGF1 (FGF1, Control) or 250 ng/ml FGF7 (FGF7, Treated). (B–F) Phase contrast photomicrographs
of isolated UBs cultured for 7 days in BSN-CM supplemented with 10% FCS, 125 ng/ml GDNF, and 250 ng/ml FGF7 in the presence of either 400 ng/ml
activin (B), 1 ng/ml TGF-h1 (C), 100 ng/ml BMP2 (D), 1 ng/ml BMP4 (E), or 1 Ag/ml LIF (F). All of the photomicrographs are to the same scale as indicated
by the scale bar in FGF1, Control (scale bar = 250 Am).
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Fig. 9. Confocal microscopic photomicrographs of isolated UBs cultured
for 7 days in BSN-CM supplemented with 10% FCS, 125 ng/ml GDNF,
and 250 ng/ml FGF1 in the absence (Control; A, C) or presence of 1 ng/
ml of TGF-h1 (B, D). (A–B) Apoptosis analysis: TUNEL staining
(FITC green) and phalloidin staining (Cy3, red). (C–D) Proliferation
analysis of UBs stained with anti-Ki-67 (FITC, green) and phalloidin
staining (Cy3, red).
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structures with distinct tips and stalks reminiscent of UBs
grown the presence of FGF1 alone (Fig. 8). Quantification of
UB branching clearly indicates that culture of FGF7-treated
UB with TGF-h superfamily members increases the branch-
ing of the UB, as indicated by an increase in the ratio of
perimeter to surface area (Fig. 8). In addition, measurements
of stalk width and length reveal ‘‘thinning’’ of stalks in UBs
treated with both FGF7 and members of the TGF-h super-
family (Fig. 8). AlthoughUBs grown in the presence of FGF7
alone have few clear budding processes, measurements of
discernible stalks indicated that UBs grown in the presence of
FGF7 were on average 117% thicker than stalks on UBs
grown in the presence of FGF1 (Fig. 8). The addition of TGF-
h superfamily members to UBs grown in the presence of
FGF7 resulted in stalks that were on average 85% as wide asFig. 10. Phase contrast photomicrograph of isolated UBs cultured for 7 days in e
Control), or individual fractions of BSN-CM eluted from a heparin affinity column
in combination with fraction 4). All cultures were supplemented with 10% FCS, 12
same scale as indicated by the scale bar in E (scale bar = 250 Am).those seen in FGF7-alone-treated UBs. This reduction in stalk
width was also accompanied by a 69% increase in the length
of the stalks (Fig. 8). Thus, because the combination of FGF7
and TGF-h superfamily members leads the UB to form a
more normal appearing structure (relative to that seen in
whole embryonic kidney or in UBs grown in FGF1), it also
suggests that stimulatory and inhibitory growth factors can
cooperate in shaping UB branching structures.
The question of how the various TGF-h family members
exert the observed inhibitory or modulatory effects on UB
growth and branching remains. Therefore, apoptosis and
proliferation in the UBs were examined by confocal mi-
croscopy in UBs grown in the absence or presence of TGF-
h1 (Fig. 9). Apoptosis was examined by TUNEL staining
and revealed minor alterations in the number and location of
apoptotic cells following treatment with TGF-h1 (Figs. 9A
vs. B), with perhaps a slight increase in apoptotic cells in
tips relative to stalks. On the other hand, analysis of
proliferation revealed a marked decrease in the staining
for Ki-67, a marker of proliferating cells (Figs. 9C vs. D).
Thus, it appears that TGF-h1 mainly results in a decrease in
the proliferation of the epithelial cells, though there may
also be a slight change in apoptosis in tips relative to stalks.
BSN-CM contains additional negative modulatory factors
In addition to the isolation of the inhibitory heparin-
binding factors, TGF-h1 and BMP2 (Fig. 1), our chroma-
tography data indicate that at least one other non-heparin-
binding inhibitory factor was also separated from whole
BSN-CM using heparin affinity chromatography and it was
present in the flow-through fraction. The nature of the
inhibitory non-heparin-binding fraction(s) remains to be
determined. This fraction, though rich in protein, was not
able to induce growth and branching of the UB (Fig. 10).
In fact, when this fraction was combined with stimulatory
fraction 4 (containing pleiotrophin) eluted from the heparin
column (see Fig. 1), the observed growth of the UB
induced by this fraction was markedly reduced (Fig. 10).
This suggests that, in addition to the heparin-binding
members of the TGF-h superfamily, MM cells (and by
extension the metanephric mesenchyme) also produce a
potentially novel, non-heparin-binding factor that inhibits
UB branching morphogenesis.ither whole unfractionated BSN-CM (A, Control), DME/F12 (B, Negative
(C–D; C, flow-through fraction; D, fraction 4 (see Fig. 1); E, flow-through
5 ng/ml GDNF, and 250 ng/ml FGF1. All of the photomicrographs are to the
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The results of this study help to define how TGF-h
superfamily members regulate growth and branching of the
UB as it forms the collecting system and ureter. Our findings
indicate that (1) the TGF-hs exert their effects on the UB
directly; (2) different family members have different effects
on growth vs. branching; (3) the TGF-hs have different
effects on the UB vs. the MM; (4) the factors affect UB
proliferation more than apoptosis; and (5) this family of
growth factors is involved in determining the number of
branches, branch angles, and morphological features of the
stalk (i.e., shaping the UB). The data support the idea that
UB branching patterns are directly modulated by a combi-
nation of positive and negative factors.
For example, TGF-hs were found to alter the phenotype
of the isolated UB grown in the presence of FGF7, inducing
the formation of branched tubular structures (Fig. 8). That
these supposedly inhibitory factors (i.e., TGF-h1 and acti-
vin) are capable of modulating the phenotype induced by a
potent proliferative factor (i.e., FGF7, which by itself does
not induce normal isolated UB branching morphogenesis)
(Qiao et al., 2001) not only indicate that negative factors
play an important role in UB growth and branching mor-
phogenesis, but also support the notion that cooperative
efforts of negative and positive factors are critical in
determining the architecture of the developing collecting
system.
Moreover, morphometric analysis of the effects of TGF-
h1 on the growth of the whole kidney also points to a role of
these factors in sculpting the UB. For example, measure-
ments of various parameters, including the number of
branches, branch angle, stalk length, and stalk width, reveal
a much more comprehensive picture of the role that these
factors might play (Fig. 5). These factors affect the mor-
phology of the UB in a profound manner; together with the
FGF7–TGF-hs result, this data suggest a more fundamental
role for these factors in helping to achieve the complex
spatial architecture of the collecting system. Thus, the
balance of positive and negative regulators at UB tips,
stalks, and branching points plays a critical role in regulat-
ing growth and branching and is important for establishing
the architecture of the tree resulting in a high degree of
coordination to modulate branch points, branch length,
branch angle, as well as tubular caliber (Nigam, 1995;
Santos and Nigam, 1993). Because the nephron forms from
the aggregate of mesenchymal cells found at the tips of the
branching UB, it seems reasonable to assume that the shape
of the UB also plays a fundamental role in determining the
three-dimensional organization of the kidney as a whole. In
other words, the spatial organization of the UB not only
plays a role in determining the number of nephrons, but is
also critical in determining where and when nephrons form
in the developing kidney. Thus, the spatial complexity of the
whole kidney is likely under the tight control of both positive
and negative modulators of UB growth and branching.The question remains as to how the UB interprets these
opposing signals in the context of the developing kidney to
form the complex treelike arrangement seen in the adult
collecting system. Temporal and spatial expression of the
various growth factors and receptors is likely to be critically
important. For example, while BMP7 is expressed in the
ureteric bud and condensed mesenchyme in 11.5-day mouse
kidney, BMP2 is expressed in the aggregates of condensed
mesenchyme adjacent to the branching UB while BMP4 is
expressed in the mesenchyme surrounding the stalk (Dudley
and Robertson, 1997). By day 13.5 of development, al-
though BMP7 is still expressed in the UB, much of the
expression of the BMP2 and BMP4 is now present in the
comma- and S-shaped bodies of the induced mesenchyme
(Dudley and Robertson, 1997) at a site removed from the
growing tip of the UB (Pachnis et al., 1993). Thus it is
possible, at least for these BMPs, that the tips of the growing
UB are not exposed to high concentrations of these factors,
but rather the portion of the UB destined to become the stalk
sees high concentrations of these factors, and is thus
inhibited from branching. It is possible that a differential
distribution of receptors for these factors also contributes to
the observed branching effects. A number of studies have
found that the receptors for the TGF-h superfamily of growth
factors, including type I TGF-h receptor (i.e., ALK5), type II
TGF-h receptor, type I and type II BMP receptors (i.e.,
BMPR-IA, BMPR-IB, and BMPR-II), are found throughout
the developing kidney. For most of these receptors, their
expression pattern suggests a fairly uniform distribution in
both the UB and surrounding mesenchyme (Choi et al.,
1997; Clark et al., 1995, 2001; Liu and Ballermann, 1998;
Miyazaki et al., 2000). The expression of ALK5, on the other
hand, was not detected in the early kidney, only appearing
around day 16 of development, not was it detected in the UB
(Clark et al., 2001). Taken together, this suggests that a
differential distribution of members of the TGF-h superfam-
ily of growth factors and not their receptors is likely to play
an important role in shaping the UB, and the cessation of
branching (see below). Although differential temporal and
spatial expression of growth factors and their receptors could
explain a great deal, it is also possible that both sets of
growth factors act on a common central pathway necessary
for epithelial branching morphogenesis. For example, it has
been shown recently that some members of the TGF-h
superfamily can actually potentiate the effects of GDNF in
developing neurons (Bengtsson et al., 1998; Peterziel et al.,
2002). In the case of TGF-h1, it was found that treatment of
developing neurons with TGF-h1 induced the recruitment of
the GDNF co-receptor, GFRa1, to the plasma membrane
(Peterziel et al., 2002). Perhaps a similar phenomenon exists
during growth and development of the UB, with members of
the TGF-h superfamily functioning at the stalks to induce
cell differentiation and at the tips of the UB to help in
maintaining responsiveness to GDNF.
It is important to note that the UB cannot be thought of
as a completely homogeneous tissue. Based simply on
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sets of cells. The tips or ampullae of the UB are c-ret
positive and GDNF-responsive, while the stalk portions are
not. Furthermore, electron microscopic examination of the
isolated UB indicated that the stalk portion of the isolated
UB appears to become differentiated into a polarized
columnar epithelium, while the cells at the tip appear to
be less well-organized (Qiao et al., 2001). Thus, exposure
to various growth factors is likely to elicit very different
cellular responses along the length of the growing tubule.
Because many members of the TGF-h superfamily are
thought to suppress epithelial cell proliferation and promote
cell differentiation (Martinez et al., 2001a), it is possible
that the presence of such factors at stalk areas of the
forming UB might play a role in the differentiation of the
UB at this portion. Hence, response to stimulatory and
inhibitory growth factors might also be a function of the
developmental state of cells in different areas of the UB.
Thus, the future stalk region of the UB is induced to begin
to terminally differentiate and to stop branching, while the
tip is free to continue to branch and grow.
The majority of growth factors thought to be involved in
kidney development in general and in UB growth and
branching in particular are capable of binding heparin. Thus
it is thought that binding to the extracellular matrix sur-
rounding the UB creates a sink or pool of growth factors
which can be released upon degradation. Many studies
suggest that TGF-h1 mediates cell growth or differentiation
and tissue or organ generation by regulating the synthesis
and secretion of extracellular matrix proteins, integrins (the
receptors for extracellular matrix proteins), matrix degrada-
ting enzymes, as well as their inhibitors (Deuel, 1987;
Rizzino, 1988; Sporn and Roberts, 1988; Whitman and
Melton, 1989). Thus, both positive and negative regulators
of UB growth and branching morphogenesis may not onlyFig. 11. Diagrammatic representation of stage model of ureteric bud branching mo
modulated by the balance of positive and negative growth factors and matrix
mesenchymal surface molecules, etc. See text for detailed discussion.bind matrix proteins but may also regulate their expression
and turnover, and, at least in part, thereby exert their
morphogenetic affect. Interestingly, our data also suggest
the presence of an inhibitory factor(s) which is non-heparin
binding. This factor(s) remains to be identified, but never-
theless a protein-rich fraction containing proteins which do
not bind to heparin clearly inhibited UB growth and
branching. Thus there exists considerable diversity in the
stimulatory and inhibitory factors produced by the MM.
Together, the in vitro data indicate the complexity of the
morphogenetic signals that the UB must interpret as a single
epithelial bud aborizes into a collecting system that (in
humans) has roughly one million tips.
We propose that branching of the UB (post-UB out-
growth from the Wolffian duct) is composed of three broad
stages: (1) a rapid feed-forward mechanism; (2) a slowing
down of branching (negative feedback); and (3) a stop
branching or differentiation process (if UB outgrowth is
included, there would, needless to say, be four stages in this
scheme). These stages are modulated in a pivotal way by the
balance of positive (i.e., growth and branch promoting) and
negative (i.e., growth and branch inhibiting) growth factors
(Fig. 11). Unlike UB outgrowth, for which concordant
genetic and in vitro data suggest the paramount importance
of GDNF, this study and previous ones (Qiao et al., 1999a,
2001; Sakurai et al., 2001) demonstrate that positive and
negative regulation of branching is regulated by multiple
stimulatory and inhibitory factors. For example, in vitro data
indicate pro-UB growth/branching factors include GDNF,
pleiotrophin, various FGFs, and as yet unidentified heparin-
binding activities. Anti-UB growth/branching factors in-
clude the molecules described here: various TGF-hs, BMPs,
activin, and other TGF-h superfamily members (as well as
the non-heparin-binding inhibitory factor). Although in vitro
data from the isolated UB suggest that branching is anrphogenesis. Growth, branching, and terminal differentiation of the UB are
components. GF–matrix state, growth factor, ECM components, HSPGs,
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mechanism for its vectorial arborization. Recombination
data (Qiao et al., 1999a; Steer et al., 2002) support the view
that the MM provides guidance cues for vectoriality as well
as elongation (growth of the UB without branching) and
shaping of the branches (affecting luminal caliber and its
tapering). How is this mediated? It seems likely that cell
surface molecules in the mesenchyme provide certain guid-
ance cues, though these molecules are largely unidentified.
However, the data presented here are also consistent with
the view (Nigam, 1995; Pohl et al., 2000; Santos and
Nigam, 1993) that bipolar spatiotemporal gradients (local
and possibly even global) of these morphogenetic growth
factors in the surrounding MM and stroma would presum-
ably affect growth factor-mediated signaling pathways in
various cells along the tip of the branching UB; the balance
of ‘‘positive’’ and ‘‘negative’’ signals would in turn alter the
expression of distal effector molecules (MMPs, TIMPs,
ECM proteins, integrins, cell adhesion molecules) at tips,
branch points, and stalks of the arborizing tree—as well as
proliferation, apoptosis, and migration decisions. Micro-
array analysis is beginning to suggest subsets of genes that
might function as distal effectors and in other parts of the
branching program (Stuart et al., 2001, 2003). This specific
spatiotemporal expression of distal effectors at tips, branch
points, and stalks, ultimately generated by bipolar morpho-
genetic gradients in the MM-stroma as well as interactions
between cell surface molecules of the UB and MM, would
in turn be responsible for the vectorial arborization of the
UB-derived collecting system tree.
The fact that many different ‘‘positive’’ and ‘‘negative’’
factors appear roughly ‘‘phenotypically equivalent’’ in in
vitro systems such as the isolated UB—at least at the
morphological level of analysis—suggests an explanation
for so-called redundancy of growth factors in the branching
program that is suggested by single growth factor knockouts
which, almost invariably, fail to show an unambiguous
‘‘branching phenotype’’ in the kidney. Though the structures
produced by different growth factors may appear compara-
ble morphologically, it is nevertheless possible that they
arrived at this structure by different combinations of prolif-
eration, apoptosis, cell shape change, basement membrane
remodeling, and migration—in other words, the molecular
and cellular pathways necessary to attain that structure may
be quite different. For example, consider our result indicat-
ing that an amorphous appearing UB grown in the presence
of FGF7 can be made to look like a more tapered branching
structure (similar to that created by FGF1) when TGF-h1 is
added to the FGF7-treated UB. It seems likely, though it
remains to be shown, that the cellular and molecular path-
ways by which the FGF1-treated UB and the FGF7–TGF-
h1-treated UB arrive at approximately the same structure
are quite different. Presumably, this is reflected in differ-
ences in signaling and different combinations of distal
effector molecule expression which, nevertheless, together
result in ‘‘phenotypically equivalent’’ structures. This, alongwith the fact that in the branching program no single growth
factor appears to be as crucial as GDNF is to the bud
outgrowth stage, may be another reason why few true
branching phenotypes have been reported in the kidney,
even after many distal effector molecules have been
knocked out (Nigam, 2003).
However, eventually, the branching process slows down
and, ultimately, comes to a halt. How does this happen?
This paper suggests some potential answers. Nearly all the
growth factors mentioned above tend to be heparin bind-
ing; considerable biochemical data exist, particularly in
relation to FGFs, about the functional interaction of hep-
aran sulfate proteoglycans (HSPGs) and growth factors at
many levels. Thus, the growth factor–heparan sulfate
proteoglycan (HSPG) interaction may, together, act as a
switch between the rapid feed forward and negative feed-
back stage as well as between this latter stage and the stop
branching stage. It seems likely that TGF-h superfamily
members, together with certain ‘‘inhibitory’’ matrix mole-
cules that have been implicated in in vitro models of
branching (Santos and Nigam, 1993; Sakurai et al.,
1997), possibly including matrix peptides (Karihaloo et
al., 2001), are important in shifting from a feed forward to
a negative feedback mechanism and, from there, to the
cessation of branching. The shift in expression of TGF-h
superfamily members like BMP2 and BMP4 from mesen-
chyme to comma- and S-shaped bodies noted earlier
(Dudley and Robertson, 1997) may allow the cessation of
branching of the collecting ducts to be coordinated with the
differentiation of the mesenchymally-derived nephronal
segments so that brancing stops when proximal, loop and
distal nephronal segments have formed. These growth
factor/HSPG-driven shifts from one stage to the next
presumably lead to the expression of different sets of distal
effector molecules (MMPs, TIMPs, ECM proteins, matrix
peptides, integrins, and other cell adhesion molecules) that
are presumably responsible for the extent of branching and
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